Abstract. Cocaine interacts with monoamine transporters and sigma (σ) receptors, providing logical targets for medication development. In the present study, in vitro and in vivo pharmacological studies were conducted to characterize SN79, a novel compound which was evaluated for cocaine antagonist actions. Radioligand binding studies showed that SN79 had a nanomolar affinity for σ receptors and a notable affinity for 5-HT 2 receptors, and monoamine transporters. It did not inhibit major cytochrome P450 enzymes, including CYP1A2, CYP2A6, CYP2C19, CYP2C9*1, CYP2D6, and CYP3A4, suggesting a low propensity for potential drug-drug interactions. Oral administration of SN79 reached peak in vivo concentrations after 1.5 h and exhibited a half-life of just over 7.5 h in male, Sprague-Dawley rats. Behavioral studies conducted in male, Swiss Webster mice, intraperitoneal or oral dosing with SN79 prior to a convulsive or locomotor stimulant dose of cocaine led to a significant attenuation of cocaine-induced convulsions and locomotor activity. However, SN79 produced sedation and motor incoordination on its own at higher doses, to which animals became tolerant with repeated administration. SN79 also significantly attenuated the development and expression of the sensitized response to repeated cocaine exposures. The ability of SN79 to significantly attenuate the acute and subchronic effects of cocaine provides a promising compound lead to the development of an effective pharmacotherapy against cocaine.
INTRODUCTION
Monoamine transporters, particularly dopamine, have been classically considered the main site of action for cocaine. The binding of cocaine to dopamine transporters prevents the reuptake of dopamine into the presynaptic nerve terminal, thereby increasing its concentration in the synapse (1, 2) . Although constitutive knockout of dopamine transporters has not been particularly effective in mitigating the rewarding effects of cocaine (3, 4) , recent DAT knock in studies have shown the importance of DAT binding in cocaine's reinforcing effects (5) . However, medications targeting the specific cocaine binding site and sparing other elements of DAT function are yet to be developed. Alternatively, the dual knockout of dopamine and serotonin transporters can yield promising results with regard to reducing certain behavioral actions of cocaine in mice (6) . In addition, select compounds that act at monoamine transporters, such as phenyltropane analogs (i.e., RTI-336 (3β-(4-chlorophenyl)-2β-[3-(4′-methylphenyl)isoxazol-5-yl]tropane hydrochloride, RTI-177 (3β-(4-chlorophenyl)-2β-[3-phenylisoxazol-5-yl]tropane hydrochloride) have been proposed for development as potential replacement therapy for cocaine abuse (7) (8) (9) . These findings are consistent with the ability of cocaine to interact not only with dopamine but other monoamine transporters (10) .
Interestingly, many compounds that act at monoamine transporters, including cocaine, also interact with sigma (σ) receptors (11) (12) (13) . Cocaine appears to act as an agonist at σ receptors (14, 15) , and selective antagonists and antisense oligonucleotides at σ receptors can attenuate an array of cocaine-induced effects in animals (12, 14, 16, 17) . Together, these earlier data indicate that σ receptors may serve both as a direct target for cocaine and an indirect modulator of dopamine, and perhaps other monoamine transporters (9, 14, (18) (19) (20) (21) (22) (23) .
For this project, SN79 (6-acetyl-3-(4-(4-(4-fluorophenyl) piperazin-1-yl)butyl)benzo [d] oxazol-2(3H)-one) was synthesized and displayed high affinity for σ receptors, along with noticeable affinities for monoamine transporters (24) . The Electronic supplementary material The online version of this article (doi:10.1208/s12248-011-9274-9) contains supplementary material, which is available to authorized users.
ability of SN79 to interact with both σ receptors and monoamine transporters suggested its potential for mitigating the actions of cocaine. Therefore, SN79 was tested for its effectiveness in reducing several acute and subchronic effects of cocaine, including convulsions, hyperlocomotion, and the development and expression of sensitization. Since σ receptors have an important role in motor function, SN79 was also tested in motor incoordination and catalepsy studies under acute and subchronic conditions. To further evaluate the medication development potential of the compound, in vitro assays were used to determine potential interactions with cytochrome P450 enzymes. Preliminary in vivo studies were also performed to determine the half-life of the compound following oral dosing, and the ability of SN79 when dosed orally to attenuate select behavioral effects of cocaine.
MATERIALS AND METHODS
Synthesis of SN79. The synthetic scheme for SN79 is shown in Fig. 1 . Acylation of commercially available 2 (3H)-benzoxazolone (1) using acetic anhydride through a Friedel-Crafts type reaction gave a 6-acetylbenzo[d]oxazol-2(3H)-one (2) intermediate which underwent reaction with 1,4-dibromobutane to give a bromomethylene intermediate (3) . This intermediate was alkylated with 1-(4-fluorophenyl)piperazine to give 6-acetyl-3-(4-(4-(4-florophenyl) piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-one (4) (SN79), which was transformed into the hydrochloride salt for biological testing. The CHN and spectral analysis of SN79 were satisfactory and consistent with its assigned structure.
Drugs. Compounds were obtained from the following sources: cocaine hydrochloride (Sigma, St. Louis, MO), (+)-pentazocine succinate (NIDA Chemical Synthesis Program, Rockville, MD). The radioligands were purchased from Perkin Elmer (Boston, MA). The other chemicals used for the radioligand binding assays were obtained from standard commercial sources (Sigma-Aldrich, St. Louis, MO).
SN79 has a high partition coefficient. It precipitates out of solution when it is frozen and defrosted, and is then difficult to resolubilize. Therefore, fresh stock solutions of SN79 were prepared each day by sonicating the compound for dissolution in distilled water (for in vitro assays and p.o. administration studies) or saline (for i.p. administration studies). When prepared in this manner, dissolved SN79 does not precipitate out of solution. All other compounds were prepared as previously described.
Animals. Male, Swiss Webster mice (18-28 g ) and Sprague-Dawley rats (200-220 g) were obtained from Harlan (Indianapolis, IN; Frederick, MD). The mice were housed in groups of five with a 12:12-h light/dark cycle with food and water available ad libitum. The rats had a polyethylene cannula inserted in the right jugular vein and were housed individually. The animals were randomly assigned to different treatment groups. Each animal was used in only one experiment. All procedures involving animals were performed as approved by the Institutional Animal Care and Use Committee at the University of Mississippi and/or West Virginia University.
Radioligand Binding Assays. The affinity of SN79 for σ and non-σ binding sites was determined by competition binding assays in homogenates of rat brain tissues. The receptor binding assays were performed as described earlier (25, 26) . The total reaction volume in each tube was 500 μl. The assays were terminated by the addition of ice-cold buffer, followed by filtration through glass fiber filters presoaked in polyethyleneimine (1%) to minimize nonspecific binding. Counts were extracted from the filters using Ecoscint (National Diagnostics, Manville, NJ) for at least 8 h prior to counting. To further evaluate the selectivity of SN79, the compound was subject to NOVAScreen (Caliper Life Sciences, Hanover, MD) at additional targets. Further details of each assay condition can be accessed through their website at www.caliperls.com.
Cytochrome P450 Interactions. The effect of SN79 on a number of human cytochrome P450 enzymes was assessed by NovaScreen CYPScreen (Caliper Life Sciences, Hanover, MD). The specific cytochrome P450 enzymes selected were those most likely to cause problematic drug-drug interactions, with nicotinamide adenine dinucleotide phosphate (NADPH) being added to the substrate to catalyze the reaction. SN79 was evaluated at a single screening concentration of 10 μM, with 50% used as the criterion for significant inhibition at this concentration. Additional details of the assay conditions can be accessed through the Caliper Life Sciences website at www. caliperls.com.
In Vivo Metabolism Studies. Blood samples were taken from male, Sprague-Dawley rats (n=5) outfitted with indwelling catheters in the jugular vein. An initial blood volume of 0.1 ml was taken to clear the line of heparinized saline. A fresh syringe was used to withdraw a 0.15-ml blood sample. This and all subsequent blood samples were placed in microfuge tubes and allowed to clot for 30 min at 0°C. The rats were administered 20 mg/kg SN79 using oral gavage. Timed blood samples were then collected for up to 36 h. For each blood sample, serum was separated by centrifugation at 3,000 rpm for 20 min at 4°C. SN79 was quantified using ultra performance liquid chromatography (details to be reported in another manuscript). Convulsions. The mice were pretreated (i.p.) with saline (n=10) or SN79 (0.1-10 mg/kg, n=30), then challenged 15 min later with a convulsive dose of cocaine (70 mg/kg, i.p., n=40). The mice were then individually placed in their own plastic chamber (59×43×13 cm) and observed for the next 30 min for convulsions. Convulsions were operationally defined as a loss of righting reflexes for at least 5 s combined with the presence of clonic limb movements or popcorn jumping.
Some of the mice were pretreated (p.o.) with distilled water (n=48) or SN79 (10 mg/kg, n=20), then challenged 60 min later with i.p. saline (n=10) or cocaine (60-80 mg/kg, i.p., n=58). The treated animals were observed for the next 30 min for the presence of convulsions as described above.
Locomotor Activity. The mice were acclimated to the treatment room for 30 min and then individually to a testing chamber of an automated activity monitoring system (San Diego Instruments, San Diego, CA) for 15 min. The mice were injected (i.p.) with saline (n=24) or SN79 (0.1-10 mg/kg, n=100), then challenged 15 min later with a locomotor stimulatory dose of cocaine (20 mg/kg, i.p., n=62) or saline (n=62). The total locomotor activity (ambulatory, fine, and rearing movements) of the mice was recorded for the next 30 min as the number of disruptions made by them in the 16× 16 photobeam grids of the plexiglass testing chambers.
The mice were also pretreated (p.o.) with either distilled water (0.1 ml/10 g, n=16) or SN79 (10-25 mg/kg, n=40), and locomotor activity was recorded for 60 min prior to receiving an i.p. injection of either a stimulant dose of cocaine (20 mg/ kg, n=50) or saline (0.1 ml/10 g, n=6). Total locomotor activity was recorded for the next 120 min.
Development of Sensitization. The mice were randomly divided into six treatment groups as shown in Table I . The mice were pretreated (i.p.) with saline (n=16) or SN79 (0.1-10 mg/kg, n=32), then challenged 15 min later with a locomotor stimulatory dose of cocaine (10 mg/kg, i.p., n=24) or saline (n=24).
After the treatment, locomotor activity was quantified as described above. This procedure was conducted at the same time every day, for five consecutive days (days 1-5). A 10-day drug-free period followed to wash out the drugs and their metabolites from the mice. On day 15, all of the mice were preadministered saline (n=48) followed by cocaine (10 mg/kg, i.p., n=48), and their locomotor activity was quantified.
Expression of Sensitization. The mice were divided randomly into eight treatment groups as shown in Table I . For five consecutive days at the same time (days 1-5), the mice were pretreated (i.p.) with saline (n=48), then challenged 15 min later with cocaine (10 mg/kg, i.p., n=24) or saline (n=24), and their locomotor activity was recorded. A 10-day drug-free period followed to wash out the drugs and their metabolites from the mice. On day 15, the mice were administered (i.p.) saline (n=12) or SN79 (1-10 mg/kg, n=36), followed 15 min later with cocaine (10 mg/kg, i.p. n=48). The locomotor activity was then recorded for the next 30 min.
Rotor Rod Test. The mice were trained to maintain their balance for 2 min on the rotor rod (San Diego Instruments, San Diego, CA) every morning and evening for three consecutive days. The rod accelerated to a speed of 6 rpm in 10 s and continued at the same speed until 2 min. The mice that failed to balance on the rotor rod at the end of the training sessions on the third day were excluded from the study. On the fourth day, the mice were treated (i.p.) with saline (n=10) or SN79 (1, 10 mg/kg, n=20). Their latency to fall was recorded at 10, 20, 30, 40, and 60 min after the treatment.
Catalepsy Test. The mice were administered (i.p.) either saline (n=10) or SN79 (1, 10 mg/kg, n=20). Their front paws were then placed on a horizontal metallic rod that was raised 5 cm above the bench top. The latency of the mice to bring their front paws down on the bench top was measured, with a cutoff time of 60 s. The cataleptic mice remain on the bar while the normal mice return to the bench top almost immediately. The measurements were made at 0, 10, 20, 30, 40, and 60 min after the treatment.
Chronic Rotor Rod Test. The mice were tested on the rotor rod as described above for five consecutive test days. On each of the test days, the mice were administered (i.p.) either saline (n=7) or SN79 (10 mg/kg, n=7).
Data Analysis. The data from the radioligand binding assays were analyzed using GraphPad Prism 4.0 (San Diego, CA) to calculate IC 50 values. Apparent K i values were then calculated using the Cheng-Prusoff equation, and K d values were determined in separate saturation assays. The data from the cocaine-induced convulsion studies were analyzed using Fisher's exact tests (GraphPad InStat, San Diego, CA). The data from the locomotor activity measurements, development and expression of sensitization studies, and catalepsy tests were analyzed using a one-way analysis of variance (ANOVA) followed by Dunnett's or Tukey's post hoc comparisons, wherever applicable. The acute and subchronic rotor rod test data were analyzed using a twoway ANOVA with post hoc Bonferroni's tests (GraphPad Prism, San Diego, CA). P<0.05 was considered statistically significant for all behavioral tests.
RESULTS
Affinity and Selectivity of SN79 for Sigma Receptors. The affinities of SN79 for σ 1 and σ 2 receptors, as well as 61 other receptors, transporters, ion channels, and binding sites are listed in Table II and in Supplementary Table I . Because SN79 precipitates out of concentrated solutions following freezing and defrosting, initial binding studies reported in abstract form that SN79 was a selective σ 2 receptor ligand (24) , an artifact which resulted from testing the σ 2 receptor subtype first. In the current study, fresh stock solutions of SN79 were prepared from two different synthetic batches of the compound. The affinity of SN79 for σ 1 receptors was 28.03±3.39 nM (batch 1) and 25.22±2.12 nM (batch 2). The affinity of SN79 for σ 2 receptors was 6.89±0.09 nM, which was consistent with earlier reported K i values (24) . The averages of all assays from the combined batches are summarized in Table II and show that SN79 binds to both σ 1 and σ 2 receptors in the nanomolar range. SN79 also exhibits moderate affinity for serotonin transporters and norepinephrine transporters, as well as some affinity for dopamine transporters. In addition, SN79 displayed a moderate affinity for 5-HT 2 receptors and negligible affinity (>10,000 nM affinity or >1,000-fold selectivity compared to σ binding) for all other binding sites tested, which are listed in Supplementary Table I .
Lack of Inhibition of Major Cytochrome P450 Isozymes by SN79. Table III summarizes data obtained from NovaScreen CYPScreen analysis with SN79. SN79 (10 μM) does not significantly inhibit any of the following major cytochrome P450 isozymes: CYP1A2, CYP2A6, CYP2C19, CYP2C9*1, CYP2D6, and CYP3A4.
In Vivo Metabolism Studies. Plasma pharmacokinetic parameters associated with oral dosing of SN79 are: area under the curve, AUC (117.34±1.53 μg-h/ml); half-life, T 1/2 (7.51±0.68 h); maximum concentration, C max (0.21±0.08 μg/ ml); mean residence time (9.90±1.34 h); volume of distribution, V d (115.10±1.06 l/kg); apparent oral clearance at steady state, CL ss /F (0.18±0.02 l/h/kg); time to reach maximum concentration, T max (1.50±0.05 h). Effect of SN79 on Cocaine-Induced Convulsions. Intraperitoneal pretreatment with increasing doses of SN79 prior to administering a convulsive dose of cocaine led to a dosedependent decline in the percentage of mice exhibiting convulsions as shown in Fig. 2a . This effect was significant at the SN79 pretreatment doses of 1 and 10 mg/kg, i.p. (p<0.005 and p<0.001, respectively), where the percentage of cocaineinduced convulsions was reduced to 30% and 20%, respectively.
Following oral administration of distilled water, cocaine produced convulsions in a dose-dependent manner (Fig. 2b) . The Fisher's exact tests confirmed that the changes were significant at the following i.p. doses of cocaine: 70 mg/kg (60% convulsions, p<0.05) and 80 mg/kg (78%, p<0.001) when compared to i.p. injections of saline which failed to produce convulsions in any animals tested. The convulsive effects of cocaine were reduced by 60 min pretreatment of orally administered SN79 (10 mg/kg). SN79 reduced the percentage of mice exhibiting convulsions due to the 70 mg/ kg dose of cocaine from 60% to 10% (difference of 50%), but the change was not quite statistically significant (p=0.057); orally administered SN79 significantly reduced the percentage of mice exhibiting convulsions following the 80-mg/kg dose of cocaine from 78% to 20% convulsions (difference of 58%, p<0.05; Fig. 2c ).
Effect of SN79 on Cocaine-Induced Locomotor Activity. SN79 pretreatment prior to a locomotor stimulant dose of cocaine caused a significant attenuation of the locomotor hyperactivity (F(5,56) Fig. 3a . Post hoc Dunnett's tests were conducted, and the attenuation of cocaine-induced hyperactivity was significant at four doses of SN79: 1 mg/kg (q=3.07, p<0.05), 3 mg/kg (q=3.65, p<0.01), 5 mg/kg (q=6.42, p<0.01), and 10 mg/kg (q=7.35, p<0.01).
Apart from counteracting the effects due to cocaine, SN79 by itself also caused a significant decline in locomotor activity (F(5,56)=9.59, p<0.0001). Post hoc Dunnett's tests showed that the locomotor activity due to administration of SN79 was significantly different from that due to saline treatment at the following doses of SN79: 3 mg/kg (q=2.75, p<0.05), 5 mg/kg (q=4.13, p<0.01), and 10 mg/kg (q=5.70, p<0.01).
Orally dosed SN79 alone (10-25 mg/kg) also displayed significant sedative effects (F(4,45)=10.09, p<0.0001). Post hoc Dunnett's tests confirmed that SN79 at the following doses decreased locomotor activity compared to saline: 15 mg/kg (q=3.87, p<0.01), 20 mg/kg (q=5.10, p<0.01), and 25 mg/kg (q=4.88, p<0.01), as shown in Fig. 3b . Following the 60-min pretreatment period, an i.p. injection of a stimulant dose of cocaine (20 mg/kg) was administered, and there was a significant reduction in locomotor activity in SN79-treated animals (F(5,50)=5.06, p<0.001). Post hoc Tukey's multiple comparison tests revealed that pretreatment with SN79 15, 20 or 25 mg/kg significantly attenuated the cocaine-induced increases in locomotor activity when compared to distilled water pretreatment (q=4.71, p<0.05; q=5.65, p<0.01; and q= 5.89, p<0.01, respectively). The initial 30 min of the challenge period was also analyzed in the same manner and was found to exhibit similar trends.
Effect of SN79 on the Development of Cocaine-Induced Sensitization. There was a significant difference between the experimental groups on all of the treatment days: day 1 (F (5,42)=17.05, p<0.0001); day 2 (F(5,42)=18.04, p<0.0001); day 3 (F(5,42)=14.42, p<0.0001); day 4 (F(5,42)=19.95, p< 0.0001); day 5 (F(5,42)=17.59, p<0.0001); day 15 (F(5,42)= 6.77, p<0.0001). Post hoc Dunnett's test confirmed that on day 1, only the cocaine-treated mice displayed significantly higher locomotor activity in comparison to the saline-treated mice (q=5.19, p<0.01). In contrast, the group of mice treated with 10 mg/kg of SN79 alone exhibited significantly lower locomotor activity when compared with the saline-treated mice on day 1 (q=2.63, p<0.05). The locomotor activity displayed by the rest of the groups on day 1 was not significantly different from the saline treatment group. With the exception of the cocaine treatment group that showed an elevated locomotor response on days 2 and 3, none of the other groups had significantly different locomotor activity as compared to the saline control group (q=6.47, p<0.01 and q= 5.71, p<0.01, respectively). On days 4 and 5, both the saline+ cocaine (10 mg/kg) treatment group and the SN79 (1 mg/kg)+ cocaine (10 mg/kg) treatment group displayed significantly higher locomotor activity than the saline treatment group (q= 7.31, p<0.01; q=7.19, p<0.01 and q=3.40, p<0.01; q=3.70, p< 0.01, respectively). On the challenge day (day 15), when all of the groups were administered cocaine, the mice that received cocaine on days 1-5 exhibited significantly higher locomotor activity than the mice that received saline on days 1-5 (q= 2.97, p<0.05), a pattern characteristic of sensitization. On the challenge day, locomotor activity of the rest of the groups was not significantly different from the group that received saline on days 1-5. The results are depicted in Fig. 4 .
Effect of SN79 on the Expression of Cocaine-Induced Sensitization. On days 1-5, the cocaine-treated mice displayed significantly higher locomotor activity than the saline-treated animals, and the analysis of variance confirmed a significant difference between the treatment groups. The data were as follows: day 1 F(7,40)=22.35, p<0.0001; day 2 F (7,40)= 8.67, p< 0.0001; day 3 F(7,40)= 12.51, p< 0.0001; day 4 F(7,40)=8.46, p<0.0001; day 5 F(7,40) =10.58, p< 0.0001. On day 15, there was also a significant difference between the treatment groups (F(7,40)=20.26, p<0.0001), with SN79 attenuating locomotor activity both in mice that were sensitized (cocaine treatments on days 1-5) and not sensitized (saline treatments on days 1-5; Fig. 5 ). Post hoc Tukey's tests confirmed that pretreatment with the following doses of SN79 prior to cocaine on day 15 caused a significant decline both in the group treated with saline on days 1-5 (1 mg/kg q=5.48, p<0.01; 3 mg/kg q=6.65, p< 0.001; 10 mg/kg q=9.64, p<0.001) and the group treated with cocaine on days 1-5 (3 mg/kg q=5.98, p<0.01; 10 mg/ kg q=12.08, p<0.001).
Effect of SN79 in the Rotor Rod Test. The administration of a high dose of SN79 (10 mg/kg, i.p.) led to significant motor incoordination in the mice. A two-way ANOVA showed a significant effect of treatment (F(2,135)=36.39, p<0.0001) and treatment×time interaction (F(8,135)=3.92, p<0.005). Post hoc Bonferroni's tests showed that the motor incoordination effect of SN79 was more pronounced at earlier time points: 10, 20, 30, and 40 min ( Fig. 6 ; t=4.52, p<0.001; t=5.87, p<0.001; t=3.35, p< 0.01; t=3.09, p<0.05, respectively). After 60 min of treatment, the latency to fall from the rotor rod was not significantly different from the saline-treated mice (t=0.99, ns). A low dose of SN79 (1 mg/kg, i.p.) did not significantly affect the latency to fall from the rotor rod. The data are represented in Fig. 6 .
Effect of SN79 in the Catalepsy Test. Treatment of the mice with either the low or high dose of SN79 (1 or 10 mg/ kg, i.p.) did not significantly alter the latency to bring the paws down to the ground from the bar at the 10-, 20-, 30-, and 40-min time points. However, at the 60-min time point, the analysis of variance showed a significant difference Effect of Subchronic Treatment with SN79 on Motor Incoordination. The mice treated with a high dose of SN79 (10 mg/kg, i.p.) for five consecutive days developed tolerance to the acute effects of the drug on motor incoordination. A two-way ANOVA on day 1 showed a significant effect of SN79 treatment (F(1,60)=40.57, p<0.0001). Post hoc Bonferroni's tests showed that SN79 at 10, 20, and 40 min showed significant motor incoordination (t=3.86, p< 0.01; t=3.44, p<0.01; t=2.97, p<0.05, respectively). A twoway ANOVA on day 2 showed a significant effect of SN79 treatment (F(1,60)=20.55, p<0.0001). The post hoc Bonferroni's test showed that SN79 at 10 min showed significant motor incoordination (t=2.96, p<0.05). On day 3, a two-way ANOVA showed a significant effect of treatment (F(1,60)= 6.77, p<0.05) and treatment×time interaction (F(4,60) = 2.80, p < 0.05). The post hoc Bonferroni's test showed significant motor incoordination by SN79 treatment at 10 min (t=3.57, p<0.01). On day 4, a two-way ANOVA showed a significant effect of treatment (F(1,60)=13.51, p< 0.005). Post hoc Bonferroni's test showed a significant motor Fig. 4 . Effect of SN79 on the development of sensitization to cocaine. Male, Swiss Webster mice were injected (i.p.) with either saline (Sal) or SN79 (1 or 10 mg/kg) followed 15 min later with either saline or cocaine (Coc, 10 mg/kg) once a day for 5 days. A 10-day drug-free period followed. On day 15, all of the mice were injected (i.p.) with saline, followed 15 min later with cocaine (10 mg/kg). Mice that received SN79 (1 and 10 mg/kg) on days 1-5 did not exhibit a sensitized response to cocaine on day 15. Data are represented as mean±S.E.M., 
DISCUSSION
In the present study, radioligand binding assays revealed that SN79 possesses nanomolar affinity for σ receptors, a notable affinity for 5-HT 2 receptors, and significant affinities for monoamine transporters. In contrast, it has negligible (>10,000 nM) affinity for 57 other binding sites. Although in initial testing, SN79 was reported to be a selective σ 2 receptor ligand (24) ; this turned out to be an artifact resulting from the compound precipitating out of solution following freezing and defrosting, and happenstance of using fresh solutions when running σ 2 receptor assays in the initial testing. When fresh solutions were used to generate the data reported herein for all σ receptor binding assays, SN79 was found to exhibit a significant affinity for both σ 1 and σ 2 receptors, a finding which was confirmed using two synthetic batches of SN79.
Under in vitro conditions, SN79 did not inhibit any of the major cytochrome P450 drug metabolizing enzymes tested herein suggesting a low propensity for drug-drug interactions should it undergo further development as a pharmacotherapy. In addition, SN79 had a 7.5-h in vivo half-life in rats, reaching peak plasma concentrations after oral dosing in about 1.5 h, suggesting favorable pharmacokinetic parameters for the development of an orally administered medication.
In the first part of the study, SN79 attenuated the convulsive effects of cocaine. This was consistent with earlier studies where agonists and antagonists at σ receptors exacerbated and attenuated the convulsive effects of cocaine respectively (14) . The interaction of SN79 with 5-HT 2 receptors could also contribute to anticonvulsant effects since earlier studies showed that pharmacological antagonists at 5-HT 2 receptors prevented the convulsive effects of cocaine (2) . However, direct interactions with monoamine transporters are unlikely to convey anticonvulsive effects since earlier studies showed that the seizurogenic effects of cocaine were actually mediated by serotonin transporters and may be inhibited through σ receptors, whereas the role of norepinephrine and dopamine transporters in mediating these effects seemed negligible (27) . It is noteworthy that the anticonvulsive actions of SN79 against cocaine were observed following both intraperitoneal and oral dosing. These findings are significant because cocaine-induced convulsions are resistant to treatment with currently available anticonvulsive drugs (28, 29) . Since cocaine is responsible for more serious intoxications and emergency department mentions than any other illicit substance (30) , compounds like SN79 provide a potentially new option for mitigating this adverse event.
In the second part of the study, SN79 dose dependently decreased cocaine-induced locomotor activity, further confirming putative antagonist actions at σ receptors. The 1 mg/ kg, i.p. dose of SN79 attenuated the stimulant effects of cocaine without any effects on its own, a pattern that is consistent with the actions of an antagonist. Orally administered SN79 at 15, 20, and 25 mg/kg was able to attenuate the stimulant effects of cocaine; however, each of these doses produced sedative effects in the absence of cocaine.
When administered at higher doses, SN79 (i.p. and p.o.) itself caused sedative effects. The decrease in basal locomotor activity observed at high doses of SN79 indicates several possibilities. First, SN79 may act as a σ receptor antagonist that at higher doses, disrupts inherent motor tone. Second, SN79 may act as an inverse agonist at σ receptors, causing a decrease in motor activity at high doses. This is possible because σ receptors are densely located in the motor areas of the brain and have been implicated in motor functions (31, 32) . Third, SN79 at higher doses may change the conformation of σ receptors, inhibiting signal transduction in σ-enriched motor areas (33, 34) . Fourth, psychostimulants increase locomotor activity by increasing dopamine levels in the striatum (35) . Sigma receptor agonists modulate dopamine transporter function and the release of dopamine (36); It is unclear that other, non-σ interactions of SN79 can reduce basal locomotor activity and cocaine-induced locomotor stimulant effects. Cocaine, for example, has been reported to increase locomotor activity in SERT and NET knockout mice relative to wild-type mice, indicating heightened responses to the drug (37). 5-HT 2 agonists and antagonists also have variable effects on cocaine-induced locomotor activity, depending on the specific subtype involved (38) . When considered together, the profile of SN79 to antagonize cocaine-induced hyperlocomotion most likely involves σ receptors (39) (40) (41) (42) (43) (44) (45) (46) .
Apart from these acute effects, repeated treatment with cocaine leads to neuroadaptations in the brain reward system (47) . One of the long lasting measurable behavioral manifestations of these neuroadaptations is sensitization (47) . SN79 prevented the development of sensitization to cocaine. A number of earlier, less selective σ receptor antagonists, such as BMY14802, NPC16377, rimcazole, and SR31742A also prevented the development of cocaine-induced sensitization (48, 49) . Recently, there has been some evidence that the 5-HT 2 receptor antagonist ritanserin may be involved in the attenuation of cocaine-induced development of sensitization (50) . However, σ receptor antagonists with negligible affinity for 5-HT 2 receptors also prevented the development of sensitization to cocaine, indicating that an interaction with 5-HT 2 sites is not necessary for mitigating the sensitizing effects of cocaine (51) . Along with the many other mechanisms already known to contribute to cocaine-induced sensitization (52) , collectively, the data suggest an important role of σ receptors in the development of sensitization.
SN79 also blocked the expression of cocaine-induced sensitization, but this occurred at a dose that caused sedation on its own. The sedative effect of SN79, however, did not appear to be the cause of the reduction in the expression of sensitization, since the animals became tolerant to the sedative effects of SN79 over time. Also, other σ receptor antagonists like CM156, which has a high affinity for σ receptors but does not cause significant sedation, can attenuate the expression of sensitization (53) .
From a mechanistic aspect, σ receptors appear to play an important role in cocaine-induced neuroadaptations for several reasons. First, during cocaine-induced sensitization, there are changes in the dopamine transporter and dopamine levels in the brain (54) . Sigma receptors have been known to modulate dopamine transporter function and dopamine release via protein kinase C, the calcium/calmodulin-dependent kinase II system, ceramide, and changes in calcium levels (36, 55, 56) . Second, activation of σ receptors can indirectly increase phosphorylation of CREB via ceramide, which is an important mediator of neuroadaptations in the brain (57) (58) (59) . Therefore, administering SN79 to block σ receptors may be effective in preventing the occurrence of sensitization. In addition to σ receptors, SN79 by its interaction with 5-HT 2 receptors can also contribute to the attenuation of expression of cocaine-induced sensitization (50) . However, other σ receptor antagonists with negligible affinity for 5-HT 2 receptors can also attenuate the expression of sensitization emphasizing the contributive and not dominant role of 5-HT 2 receptors (53) .
Collectively, the results suggest that targeting σ receptors with SN79 is effective in blocking the acute and subchronic effects of cocaine. However, the sedative effects observed at high doses and the narrow therapeutic range (1-10 mg/kg, i.p.) may limit its clinical usefulness. Therefore, the rotor rod and catalepsy tests were performed to evaluate its implications on motor side effects. Following a single administration, SN79 did Fig. 8 . Effect of subchronic treatment of SN79 on motor incoordination. Male, Swiss Webster mice that were trained to balance on the rotor rod were injected (i.p.) once a day with saline or SN79 (10 mg/kg), and rotor rod performance was evaluated for five consecutive days. Subchronic SN79 treatment caused tolerance to the motor incoordination observed on day 1. The data are represented as mean±S.E.M. A two-way ANOVA was conducted followed by Bonferroni's post hoc tests. # p<0.05, ## p<0.01 as compared to the saline control, n=7 per group not cause catalepsy, but at a high dose of 10 mg/kg, i.p., SN79 caused motor incoordination, in addition to the acute sedative effect observed in the locomotor studies.
From a clinical viewpoint, medications for psychiatric conditions are taken on a repeated basis. Therefore, the effects of repeated dosing of SN79 on these side effects were evaluated. Tolerance to sedation and the motor incoordination were observed, and this could result from several mechanisms. First, pharmacokinetic tolerance could be developing, whereby SN79 may activate metabolizing enzymes that lead to its faster removal from the body. Second, SN79 may lead to the development of pharmacodynamic tolerance whereby changes may occur in the downstream signaling of σ receptors or monoaminergic pathways, in their efficiency of coupling to signaling pathways, or even the downregulation of target proteins.
In summary, SN79 reduced the toxic and stimulant effects of cocaine and also caused motor side effects such as sedation and incoordination with acute treatment. Although SN79 has a somewhat narrow therapeutic range, continued characterization and development of SN79 and related compounds will be important because they may have the therapeutic potential for treating not only the acute effects of cocaine, but also subchronic effects even when introduced after subjects have been exposed for some time to cocaine.
